Introduction
. Two major controversies have surrounded the origin of these deposits. The first was the age of formation, which was variously interpreted as Mesozoic (~117 Ma; Arehart et al., 1993) , Eocene (~40 Ma; Seedorff, 1991; McKee et al., 1995; Thorman et al., 1995; Emsbo et al., 1996; Henry and Boden, 1998b; Henry and Ressel, 2000a; Ressel et al., 2000a) , or Miocene (~15 Ma; Radtke et al., 1980) . Abundant data in the last 10 years unequivocally demonstrate an Eocene age (Emsbo et al., 1996; Leonardson and Rahn, 1996; Phinisey et al., 1996; Groff et al., 1997; Hall et al., 1997 Hall et al., , 2000 Hofstra and Cline, 2000; Johnston, 2000; Ressel et al., 2000a, b; Tretbar et al., 2000; Arehart et al., 2003; Chakurian et al., 2003; Cline et al., 2005) .
The second controversy, which remains unresolved and is a subject of this paper, is the source of heat, fluids, and metals for the deposits. Models for the generation of Carlin-type deposits in the Great Basin include (1) an entirely amagmatic origin (Ilchik and Barton, 1997; Seedorff, 1991; Hofstra and Cline, 2000; Seedorff and Barton, 2004) involving deep circulation of meteoric water under high geothermal gradients driven by extension and large-scale (10 2 -10 3 km 3 ) leaching of rocks in the middle and upper crust; (2) a mixing of deep, gold-bearing metamorphic fluids with meteoric fluids (Seedorf, 1991; Arehart, 1996; Hofstra and Cline, 2000; Tosdal et al., 2003a , Cline et al., 2005 , possibly along crustal-scale faults; (3) a partly magmatic origin in which Eocene magmatism was the heat source but not necessarily the source of metals (Henry and Boden, 1998b; Henry and Ressel, 2000a; Ressel et al., 2000a, b) ; (4) a strictly magmatic origin (Sillitoe and Bonham, 1990; Johnston, 2003; Johnston and Ressel, 2004) for ore components and heat; and (5) a leaching of gold from Paleozoic sedimentary exhalative Pb-Zn-Ag-Au deposits in carbonate host rocks (Emsbo et al., 1999 (Emsbo et al., , 2003 .
Stable isotope and other geochemical compositions of hydrothermal fluids indicate the dominance of meteoric fluids in some Carlin-type deposits and magmatic or deep metamorphic fluids in others (Hofstra and Cline, 2000; Cline et al., 2003 Cline et al., , 2005 . Hydrogen and oxygen isotope compositions of ore-related kaolinite from the Deep Star deposit of the northern Carlin trend indicate that a gold-bearing, magmatic or deep metamorphic fluid mixed with meteoric water (Heitt et al., 2003) . Although sulfur isotope compositions indicate sedimentary sources for most sulfur (Hofstra and Cline, 2000) , compositions of ore-related pyrite in part of the giant BetzePost (Goldstrike) deposit are typical of a magmatic source (Kesler et al., 2003) .
Some of the controversy about the origin of the deposits arises because early studies focused on the Paleozoic host rocks (Evans and Mullens, 1976; Radtke et al., 1980; Radtke, 1985 , Bakken, 1990 Kuehn and Rose, 1992) , and the highly altered and weathered igneous rocks in the upper parts of deposits were difficult to recognize. This gave the impression that igneous rocks were insignificant or even absent. In fact, intrusive rocks, particularly Eocene and Jurassic dikes, are ubiquitous features of deposits of the Carlin trend, and four significant episodes of magmatism have affected the rocks of the trend. These are (1) Jurassic diorite, rhyolite, and lamprophyre intrusions; (2) Cretaceous granite intrusion; (3) Eocene silicic to intermediate intrusions and volcanism; and (4) Miocene rhyolitic volcanism. A fifth episode of Paleozoic basaltic volcanism was limited to the allochthon of the Roberts Mountains thrust and is excluded from this discussion because the basalts are not rooted in the Carlin trend and generally distant from ore deposits. Intrusive rocks played important roles in nearly all deposits by localizing ore due to their contrasting physical and hydrologic properties with sedimentary hosts and their association with high-angle faults. The intrusive rocks provide key age constraints on magmatism, mineralization, and the structural history of the district and information on the depths at which the deposits formed.
This paper builds on our previous work on the Beast and Meikle-Griffin deposits of the northern Carlin trend (Ressel et al., 2000a, b) and a regional overview of Eocene magmatism . Here, we characterize and contrast Jurassic, Cretaceous, Eocene, and Miocene igneous rocks by providing comprehensive data about their age, emplacement style, extent, volume, mineralogy, and composition. Of particular importance are Jurassic and Eocene intrusions, which are spatially associated with all of the more than 40 gold deposits of the Carlin trend (Teal and Jackson, 1997) . Dikes of these suites intruded structures that also controlled ore fluids. No Cretaceous or Miocene intrusions are recognized in any deposit. Although we discuss all igneous rocks, we emphasize the Eocene magmatic pulse because of its close spatial and temporal association with gold deposition.
Regional Geologic Setting
The Carlin trend is located in the northern Great Basin, which is part of the Basin and Range province of western North America (Fig. 1) . The trend lies near the Proterozoic rifted margin of the North American craton (DePaolo and Farmer, 1984; Wooden et al., 1998; Tosdal et al., 2000) . The plate margin underwent multiple episodes of contraction beginning in the Late Devonian-Early Mississippian and continuing into the early Mesozoic. During the earliest episode, deep-water marine rocks deposited west of the plate edge were thrust over autochthonous or parautochthonous shelfand slope-facies marine rocks along the regional Roberts Mountains thrust (e.g., Roberts, 1964) . Subsequent contraction in the Paleozoic produced a series of accretionary wedges that stacked sequentially westward, although thrusting continued far inland as well.
Mesozoic, particularly Cretaceous, granitic rocks are abundant in western Nevada, part of the great chain of Cordilleran batholiths of western North America that are broadly contemporaneous with subduction. Plutons diminish in abundance eastward and crop out only in scattered ranges in northeastern Nevada (Barton, 1996) . Additional plutons may underlie Cenozoic cover. The largest Jurassic igneous center in eastern Nevada is in the Cortez Mountains (Fig. 1) , where both intrusions and associated volcanic rocks are present. Other Jurassic plutons include those of the northern Fish Creek Mountains (Emmons and Eng, 1995) , Ruby Mountains (Howard et al., 1979) , Buffalo Mountain (Erickson et al., 1978) , and the Goldstrike intrusion in the Carlin trend (Arehart et al., 1993) . U-Pb and 40 Ar/ 39 Ar ages focus narrowly around 158 to 159 Ma ; Table 1 ). The oldest biotite K-Ar ages, which are presumed to be most reliable given the likelihood of Ar loss, are indistinguishable within their large uncertainties from the U-Pb and 40 Ar/ 39 Ar ages. Cretaceous intrusions are less common than Jurassic intrusions in northeast Nevada ( Fig. 1 ) but have a much wider age range from ~86 to 112 Ma. The largest Cretaceous pluton is in the Osgood Mountains (Groff et al., 1997) , and other plutons are present in the Edna Mountains (Erickson et al., 1978) , at Battle Mountain (Theodore et al., 1973; Theodore, 2000) , and in the Carlin trend (Evans, 1980; Mortensen et al., 2000) . Deeply emplaced Cretaceous granites are common in the Ruby Mountains but are not shown in Figure 1 because they are sills that are complexly interleaved with Paleozoic rocks (Snoke et al., 1997; Howard, 2000) .
Magmatism resumed in the Eocene in the northern Great Basin with widespread eruption of high K, calc-alkaline volcanic rocks and emplacement of shallow intrusions. This activity was part of much more extensive Eocene magmatism that swept southward as east-west belts from southern British Columbia beginning at about 54 Ma and reaching Nevada at about 43 Ma (Christiansen and Yeats, 1992; Henry and Ressel, 2000a) . Eocene magmatism was contemporaneous with subduction along the west coast of North America and broadly with the onset of crustal extension. However, this activity was far inboard of the plate margin, and the east-west belts were perpendicular to the plate margin, unlike typical FIG. 1. Geologic map of northeastern Nevada (modified from Stewart and Carlson, 1976, 1978) , showing the Carlin trend, major Carlin-type and other gold deposits, and ages of major Jurassic, Cretaceous, and Eocene intrusions and volcanic rocks. U-Pb and 40 Ar/ 39 Ar ages are in larger type; K-Ar ages, most of which are on biotite, are in smaller type. Jurassic intrusions in this and adjacent areas have ages that cluster tightly at ~158 Ma. Cretaceous intrusions have a wider range of ages between 112 and 86 Ma. Sources: Armstrong (1970) , Erickson et al. (1978) , Kistler et al. (1981) , Emmons and Eng (1995) , Mortensen et al. (2000) , Theodore (2000) , Castor et al. (2003) , Sloan et al. (2003) , this study. EP = Emigrant Pass volcanic field, G = Goldstrike mine, NC = northern Carlin trend, Q = Gold Quarry mine, WC = Welches Canyon. Fig. 1 ; Brooks et al., 1995a, b; Henry and Boden, 1998; Henry and Ressel, 2000a, b; Castor et al., 2003) . Most centers in northeastern Nevada are dominated by andesite to dacite lavas, with lesser rhyolite lava and ash-flow tuff, and subvolcanic intrusions. The largest, most diverse volcanic center is the Tuscarora volcanic field, which was active between 40.1 and 39.5 Ma (Henry and Boden, 1998a; Castor et al., 2003) . Other major Eocene intrusive and volcanic areas of northeastern Nevada include the Emigrant Pass volcanic field adjacent to the Carlin trend (Henry and Faulds, 1999) , the Robinson Mountain volcanic field south of the Carlin trend (Smith and Ketner, 1978) , the numerous Au-Cu-related porphyries at Battle Mountain (Theodore, 2000) , hypabyssal intrusions and related volcanic rocks in the southern Independence Mountains (Ketner, 1998; Henry and Ressel, 2000b) , and volcanic and intrusive rocks of the Jerritt Canyon gold district in the Independence Mountains (Phinisey et al., 1996; Hofstra et al., 1999) .
Middle Miocene volcanism was focused in the northern Nevada rift (Fig. 1) , a 500-km-long, north-northwest-striking magnetic anomaly that lies west of the Carlin trend. The rift is characterized by numerous rhyolitic and basaltic eruptive centers, most of which were active between 16 and 14 Ma (Zoback et al., 1994; Wallace, 2003a) . Miocene rocks of the rift host numerous epithermal Au-Ag deposits John, 2001; John et al., 2003; Wallace, 2003b) . Miocene rhyolite lavas and tuffaceous sedimentary rocks are widespread in northern Nevada, including within and adjacent to the Carlin trend.
Episodic Cenozoic extension in northeastern Nevada was, in part, contemporaneous with Eocene and Miocene magmatism Henry et al., 2001) . Earliest extension probably generated the Elko basin and other Eocene basins at about 46 Ma (Henry et al., 2001; Haynes et al., 2002 Haynes et al., , 2003 and therefore predates Eocene magmatism. Near the Carlin trend, the extensional history and geometry are best known in the Emigrant Pass volcanic field ( Fig. 2 ; Henry and Faulds, 1999; Henry et al., 2001) , where episodes of extension are recognized (1) in the Eocene to generate the Elko basin (~46 Ma: Haynes et al., 2002) , (2) following deposition of Elko basin deposits and preceding 38 to 36 Ma volcanism, (3) between 25 and 15 Ma, and (4) at about 15 Ma, contemporaneous with development of the northern Nevada rift . The greatest amount of extension probably occurred in the episode between 25 and 15 Ma, which may correlate with the time of most rapid cooling and inferred uplift of the Ruby Mountains core complex at 23 Ma (McGrew and Snee, 1994 Data from this study, sample analyzed at the Nevada lsotope Geochronology Laboratory (Justet and Spell, 2001; Leavitt et al., 2004) ; sources of data: 1 = this study; 2 = Arehart et al. (1993); 3 = Emsbo et al. 1996; 4 = Farmer (Newmont Gold Company unpub. report, 1996) ; 5 = S. Garwin in Ages in italics are best estimates of emplacement age Notes: NA = not available; NM = isochron calculation did not give a meaningful age 40 Ar/ 39 Ar ages for all samples, including those from other studies, were calculated or recalculated with a monitor age of 28.02 Ma for Fish Canyon sanidine (Renne et al., 1998 ;) samples I-5 and I-13 were analyzed at the Massachusetts Institute of Technology and give the oldest apparent Eocene and Jurassic ages, respectively; either these ages are distinctly older than ages determined elsewhere or we have not correctly allowed for a different monitor age; decay constants and isotopic abundances after Steiger and Jäger (1977) ; λβ Figure 5 . Geology from Evans (1974a, b) , Stewart and Carlson (1976) , Henry and Faulds (1999) , Moore (2002) , Norby (2002) , Peters (2003) , and this study. Ages and age groups are from this study (Table 1) and Evans (1974a, b) . Bi = biotite, Hbl = hornblende, Pl = plagioclase, Qtz = quartz, Sa = sanidine. as much as 30°to the east by numerous north-to north-northeast-striking normal faults in the Emigrant Pass field (Figs. 1-2). However, these faults and tilts die out northward into the northern Carlin trend. Paleozoic to Cenozoic structural and stratigraphic features are negligibly tilted in the trend, indicating only minor total extension there.
General Geochronology
We present 33 new and 22 published 40 Mortensen et al., 2000; Ressel et al., 2000a, b) . Early K-Ar dates of Mesozoic igneous rocks in the Carlin trend scatter widely (Fig. 3 ) and appear to indicate protracted magmatism. This scatter resulted from reheating of older intrusions, mostly the Jurassic Goldstrike intrusion, by younger igneous activity, and hydrothermal alteration, which produced intergrowths of secondary minerals such as chlorite. Reheating induced partial Ar loss from biotite, the most commonly dated phase. K-Ar dates on the Goldstrike intrusion range from 149 Ma (Hausen et al., 1983) , only slightly younger than the true age of 158 Ma , to as young as 78 Ma (Morton et al., 1977) . In contrast, most early K-Ar dates of Eocene and Miocene volcanic rocks closely match the more recent work, probably because reheating by younger igneous activity was negligible.
Jurassic Intrusions (~158 Ma)

Goldstrike laccolith and sills
Jurassic intrusions consist of the mainly quartz diorite Goldstrike laccolith and related sills and mostly northweststriking lamprophyre and rhyolite dikes (Figs. 2, 5-7; Tables 2-3). These intrusions appear to have been emplaced during a short interval at ~158 Ma (Table 1) . Outcrop, drill, and mine data demonstrate that the tabular, gently southwestdipping Goldstrike body was emplaced along and below the Roberts Mountains thrust and other low-angle structures. The Goldstrike intrusion extends at least 2.5 km from its southwestern limit, where it is more than 600 m thick, to the Post fault, where it is ~300 to 350 m thick ( Fig. 2 ; Leonardson and Rahn, 1996; Bettles, 2002) . The buried Little Boulder Basin intrusion is a probable continuation east of the Post fault; here, the top of the intrusion is in upper plate rocks (i.e., above the Roberts Mountains thrust). A series of quartz diorite sills (Vivian sills) crop out still farther southeast in the main fault block of the Tuscarora Mountains (Fig.  2) , where they intrude allochthonous rocks well above the Roberts Mountains thrust (Mohling, 2002) . Intrusions in all three areas are of similar rock that most likely formed a single contiguous body that cut up section to the east (Dunbar, 2001; Chakurian et al., 2003) . If so, this intrusion underlies 7 km 2 ; with an average thickness of 400 m, total volume is about 3 km 3 . The Goldstrike laccolith was most likely fed from a deeper magma chamber, the depth and size of which are unknown.
The Goldstrike body is dominantly quartz diorite ( Fig. 7 ) but is crudely zoned, from mostly granodiorite along the southern or upper margin to a main mass of diorite and quartz diorite, with irregular segregations of gabbro most abundant along the northern or lower margin. Numerous porphyritic diorite to monzonite sills and other apophyses are present, especially along the northeast margin of the Goldstrike body in the Betze-Post deposit (Bettles, 2002) .
The composite Goldstrike intrusion has a relatively weak magnetic anomaly and an extensive diopside hornfels and marble halo (Hildenbrand and Kucks, 1988; Bettles, 2002) . The weak anomaly probably reflects the tabular form of the relatively magnetite-rich rocks and is strongest near its western, thickest end, which probably marks a feeder. The metamorphic halo is widest, ≥1 km, above the southern or upper margin near the Genesis mine (Fig. 2) . Hausen et al. (1983) , and Mortensen et al. (2000) .
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0361-0128/98/000/000-00 $6.00 355 FIG. 4. Representative 40 Ar/ 39 Ar age spectra, isochrons, and single crystal analyses. Additional spectra are presented in Ressel et al. (2000a, b) . Bi = biotite, Hbl = hornblende, Pl = plagioclase, Qtz = quartz, Sa = sanidine. A. 98-Zia-9, biotite from a rhyodacite dike, Zia claims. The mostly flat spectrum gives a plateau age of 157.4 ± 0.3 Ma. Low apparent ages from low-temperature steps suggest minor reheating and Ar loss. B. DC-95-2-2146, biotite from an altered dike, Dee mine. The best age estimate from this slightly disturbed spectrum is about 157 Ma, corresponding to the two oldest steps. Low ages at low temperature probably reflect Ar loss from reheating. C. BRS-4C-1190, sericite from an altered dike, Dee mine. The relatively disturbed spectrum indicates a probable alteration age greater than 143 Ma, the age of the highest temperature steps, and significant Ar loss. D. H00-50, biotite from a rhyolite dike, Genesis mine. The dropping spectrum suggests 39 Ar loss from recoil, probably related to minor chloritization of the biotite. The total gas age of ~39.7 Ma is probably the best estimate of emplacement. E. , biotite from a rhyolite dike, Deep Star mine. The irregular spectrum probably indicates 39 Ar loss from recoil, probably related to minor chloritization. The best age estimate is 40.0 Ma from the isochron (Fig. 5F ), which is consistent with a total gas age of 39.9 Ma. F. , biotite from a rhyolite dike, Deep Star mine. The isochron indicates an age of ~40.0 Ma. G. H00-46, hornblende from a dacite dike, Goldstrike mine. The flat spectrum gives a plateau age of 38.95 ± 0.22 Ma, which is consistent with the isochron age of 39.03 ± 0.23 Ma. H. DSU-150-106, whole-rock sample of aphyric rhyolite, Deep Star mine. The disturbed spectrum probably reflects poor Ar retention and 39 Ar recoil from the fine matrix of potassium feldspar and quartz.
FIG. 4. (Cont.)
Although somewhat arbitrary, the best age estimate appears to be 39.15 ± 0.26 Ma, a weighted mean of the four steps in bold. This is supported by an indistinguishable isochron age of 39.07 ± 0.33 Ma. I. BST 114, sanidine from a rhyolite dike, Beast mine. The well behaved, flat spectrum gives an age of 37.61 ± 0.11 Ma, which is consistent with ages of 37.58 ± 0.06 Ma from a single crystal analysis of the same sample and 37.55 ± 0.07 Ma from step heating of biotite . J. WC-31, plagioclase from a granodiorite, Welches Canyon. The slightly disturbed spectrum gives a plateau age of 38.59 ± 0.17 Ma, which is consistent with the isochron age of 38.74 ± 0.08 Ma. Isochron data suggest minor excess Ar. K. H98-95C, hornblende from a dacite lava, Emigrant Pass volcanic field. The plateau age of 37.84 ± 0.10 Ma agrees well with a single crystal sanidine age of 37.83 ± 0.05 Ma from the same sample (Fig. 5L ). L. H98-95C, sanidine from a dacite lava, Emigrant Pass volcanic field. Analyses of 15 single grains of sanidine give a weighted mean age of 37.83 ± 0.05 Ma. M.. H98-87, sanidine from a rhyolite dike, Emigrant Pass volcanic field. Analyses of 14 single grains of sanidine give a weighted mean age of 36.21 ± 0.04 Ma. One age of ~35.2 Ma on a plagioclase grain, indicated by low K/Ca, was discarded. N. RCR-62-2151, matrix of a basaltic andesite dike, Rain mine. The slightly disturbed, dropping spectrum probably indicates 39 Ar loss from the fine-grained matrix. The best age estimates are ~38.2 Ma, a weighted mean of four steps from the relatively flat part of the spectrum, and ~37.8 Ma from the isochron. O. RCR-61-2092, biotite from a diorite dike, Rain mine. The slightly irregular spectrum gives a weighted mean age of 39.06 ± 0.20 Ma, in good agreement with the isochron age of 39.13 ± 0.18 Ma (P). P. RCR-61-2092, biotite from a diorite dike, Rain mine. The isochron indicates an age of 39.1 Ma.
0361-0128/98/000/000-00 $6.00 357 FIG. 5 . Geologic map of part of the northern Carlin trend extending from the Betze-Post to the Beast mines (from Evans, 1974b; Moore, 2002 ; this study). Ages and age groups are from this study (Table 1) . Bi = biotite, Hbl = hornblende, Pl = plagioclase, Qtz = quartz, Sa = sanidine.
Lamprophyre dikes
Porphyritic mafic dikes are abundant in the Carlin trend as a northwest-trending, 3-to 4-km-wide swarm extending nearly 25 km from south of the Carlin mine to north of the Dee mine. These dikes are concentrated near the Goldstrike intrusion. Individual dikes are 0.1 to 2 m wide, generally high angle, and as much as 1 km long. The rocks are highly porphyritic, lack feldspar phenocrysts, and contain at least one hydrous mafic phenocryst, either magnesian amphibole or (Table 1) . Rock classifications from Peccerillo and Taylor (1976) and LeBas et al. (1986) . Data: Table 3 . The upper sample is plagioclase-hornblende-biotitequartz granodiorite from the southern, upper part of the laccolith at the North Star mine. The lower sample is plagioclasehornblende-clinopyroxene-biotite diorite from the central part of the laccolith at the Goldstrike mine. B. Phlogopite-phyric lamprophyre (158 Ma) from a dike at the Goldstrike mine. The large dark minerals are clinopyroxene and hornblende(?) altered to a mixture of chlorite and carbonate minerals. The groundmass consists of potassium feldspar, phlogopite, and lesser quartz. C. Quartz-sericite-altered, finely porphyritic rhyolite (158 Ma) from a dike at the Meikle mine. The white minerals are plagioclase phenocrysts altered to sericite. Other phenocrysts not resolvable in the image are biotite altered to sericite and rare quartz. D. Coarse-grained granite (112 Ma) from the Richmond stock, which contains large phenocrysts of perthite (pe) and quartz (gray), with smaller grains of plagioclase (white) and sparse biotite (black). E. Finely porphyritic (plagioclasebiotite ± quartz) rhyolite (40.3-39.3 Ma) with brown glassy matrix from a dike at the Goldstrike mine. F. Weakly clay altered, porphyritic (plagioclase-biotite-hornblende) dacite (40.1-39.0 Ma) from a dike at the Goldstrike mine. Conspicuous hornblende phenocrysts (hbl) are altered to montmorillonite and calcite, whereas biotite (bi) is unaltered. G. Aphyric rhyolite (39.1 Ma) from a dike at the Deep Star mine. The sample on the left consists of flow-banded, hydrated red glass that characterizes margins of dikes; the sample on the right is from the devitrified core of a dike, which consists mainly of spherulitic potassium feldspar and quartz intergrowths. H. Argillically altered porphyritic (plagioclase-biotite-hornblende-quartz-sanidine) rhyolite (37.6 Ma) from a thick dike at the Beast mine. The large sanidine (sa) phenocryst is altered to kaolinite and barite; biotite (bi) phenocrysts are fresh; qtz = quartz phenocryst. I. Basaltic andesite (37.8 Ma) from the Dee mine. Phenocrysts consist of plagioclase (pl), clinopyroxene (px), and altered olivine (ol) in a holocrystalline matrix. J. Flow-banded rhyolite (~15 Ma) from a lava flow west of the Carlin mine. Sparse phenocrysts consist of sanidine, quartz, and fayalitic olivine. phlogopite ( Fig. 7) , and therefore are defined as lamprophyres; this definition has no genetic implication. Phlogopitic lamprophyres contain alkali feldspar in their groundmass whereas amphibole-bearing lamprophyres contain plagioclase in the groundmass. Aligned phlogopite commonly imparts a distinct foliation.
Porphyritic (plagioclase-biotite ± quartz) rhyolite dikes
Abundant, finely porphyritic rhyolite dikes form a northwest-striking swarm centered on and within ~5 km of the Goldstrike intrusion. Individual dikes are as much as 15 m wide and as much as 2 km long.
Geochronology
U-Pb and 40 Ar/ 39 Ar dates on Jurassic intrusions suggest emplacement during a narrow time span around 158 Ma (Table 1; Figs. 2-5). The best U-Pb date is a lower intercept age of 157.7 ± 0.4 from five zircon fractions from a monzonite sill related to the Goldstrike intrusion in the Betze-Post mine . Less precise U-Pb dates on the Goldstrike diorite 360 RESSEL AND HENRY 0361-0128/98/000/000-00 $6.00 360 Abbreviations: bi = biotite, hbl = hornblende, Kf = potassium feldspar, ol = olivine, phl = phlogopite, pl = plagioclase, px = pyroxene, qtz = quartz, sa = sanidine and a rhyolite dike are 159.1 ± 4.4 and 159.3 ± 4.2 Ma. Most 40 Ar/ 39 Ar ages range from 157.4 ± 0.3 to 160.8 ± 2.1 Ma and overlap with the U-Pb ages within analytical uncertainty. Relative ages among the Jurassic rocks are sparse, but porphyritic rhyolite cuts diorite and lamprophyre dikes at Meikle, Beast, and nearby deposits (Bettles, 2002) . Among K-Ar ages, those of lamprophyres most closely match the modern U-Pb and 40 Ar/ 39 Ar ages, which indicate they cooled rapidly following emplacement and have not been significantly reheated (Fig. 3) .
Chemical composition
A thorough petrogenetic study of Carlin trend igneous rocks is beyond the scope of this report and will be difficult because of the alteration. Almost all igneous rocks of the northern Carlin trend are altered to some degree. Argillization leading to some alkali loss is particularly common (Drews-Armitage et al., 1996; Leonardson and Rahn, 1996; Ressel et al., 2000a, b) . Nevertheless, total alkali/SiO 2 and K 2 O/SiO 2 variations allow rock classification (LeBas et al., 1986) and comparison of the different suites (Fig. 6) . However, we also use rare earth elements (REE), which are relatively immobile during hydrothermal alteration (Fig. 8) .
Jurassic rocks contain from ~51 to 77 percent SiO 2 (Fig. 6 , Table 3 ). SiO 2 concentrations fall into three groups that match the three rock types. The least altered samples of lamprophyre contain 51 to 55 percent SiO 2 , samples of the Goldstrike diorite mostly contain 57 to 59 percent SiO 2 with the related but volumetrically less significant granodiorites containing about 66 percent SiO 2 , and rhyolite dikes contain 71 to 77 percent SiO 2 . As with most Mesozoic and younger igneous rocks in the interior of the Great Basin, Jurassic rocks are moderately alkalic (Fig. 6) .
All Jurassic rocks have steep, concave-upward REE patterns (Fig. 8) . Despite being the most mafic Jurassic rock type, lamprophyres have the highest concentrations, especially of LREE, and the greatest variation in concentrations despite negligible variation in, or relationship to, SiO 2 . REE concentrations of Goldstrike rocks largely overlap with those of the lamprophyres and generally increase with increasing SiO 2 , which makes a simple genetic tie between the two unlikely. Rhyolites have the lowest REE concentrations, which generally decrease with SiO 2 .
Cretaceous "Richmond" Granite and Aplite-Pegmatite (112 Ma) The only Cretaceous rock in the Carlin trend is a coarsegrained granite that intruded and thermally metamorphosed Paleozoic quartzite and limestone on the south flank of Richmond Mountain (Fig. 2) . The rock is true granite, with 75 percent SiO 2 ( Fig. 6 ; Table 3 ) and characterized by phenocrysts of perthite up to 2 cm across (Fig. 7) . Aplite is common as a border phase and as dikes cutting the main body; pegmatite pods are also common. Concordant 206 Pb/ 238 U ages of two zircon fractions demonstrate intrusion at 112.4 ± 0.6 Ma (Table 1, Fig. 2 ; Mortensen et al., 2000) . A biotite K-Ar age of 108 ± 3 Ma (Evans, 1974b) suggests relatively rapid cooling after emplacement at no more than moderate depth and negligible reheating.
Outcrop area is small, ~0.4 km 2 , but aeromagnetic data, the coarseness of the intrusion, a broad zone of thermally metamorphosed rock around it, and K-Ar ages of hornfels minerals at the Mike composite Cu-Au deposit indicate that the Richmond granite may underlie an area of as much as 20 km 2 (Fig. 2) . A positive aeromagnetic anomaly extends southeastward from the granite to within 1.8 km of the deposit, but distinguishing the magnetic anomaly of the Richmond granite from that associated with the Eocene Welches Canyon intrusions is uncertain (Norby and Orobona, 2002) . K-Ar ages of replacement K-feldspar of 107 ± 2 and 111 ± 2 Ma from, respectively, an altered lamprophyre dike and Paleozoic siltstone in the Mike deposit (Branham and Arkell, 1995; Norby and Orobona, 2002) indicate that hornfels developed contemporaneously with the Richmond intrusion. Implication of these data for the extent of the Richmond intrusion is complicated because Paleozoic rocks surrounding the Eocene Welches Canyon intrusions are also thermally altered (Evans, 1974b) . Also, Evans (1974b) mapped several dikes around the Richmond intrusion as Cretaceous, but our 40 Ar/ 39 Ar dates and petrographic comparison demonstrate that all of these are Eocene in age.
Eocene Igneous Rocks of the Carlin Trend (40-36 Ma)
The most abundant igneous rocks in and around the Carlin trend are Eocene dikes, small stocks, and lavas (Figs. 2, 5; Tables 1, 4). Eocene rocks include (1) abundant, mostly rhyolite dikes in the northern Carlin trend from the Carlin deposit north to the Dee deposit, (2) small andesite to rhyolite stocks and dikes in Welches Canyon, (3) abundant andesite to dacite lavas and rhyolite dikes of the Emigrant Pass volcanic field, and (4) basaltic andesite to rhyolite dikes in the southern Carlin trend near the Rain mine. Isotopic ages indicate nearly continuous magmatism that generally migrated southward between 40 and 36 Ma (Table 1, Fig. 2 ). Eocene dikes range from high SiO 2 rhyolite to dacite, with minor basaltic andesite at the Dee deposit. These dikes intrude several major ore-controlling structures, including the Post fault zone and the Dee fault (Teal and Jackson, 1997; Dobak et al., 2002; this study) . Commonly, the north-northwest-striking, steeply dipping dikes and faults are the immediate hanging wall to ore, but Eocene dikes locally host ore at the Meikle-Griffin, Betze-Post, and Beast deposits (Ressel et al., 2000a, b) .
Eocene dikes of the northern Carlin trend
Five types of dikes are recognized based on phenocryst assemblage and age (Tables 1, 4): (1) finely porphyritic (plagioclase-biotite ± quartz) rhyolite (~40.3-39.3 Ma); (2) porphyritic (plagioclase-biotite-hornblende) dacite (~40.1-39.0 Ma); (3) aphyric, high silica rhyolite (~39.1 Ma); (4) olivinephyric basaltic andesite (~37.8 Ma); and (5) coarsely porphyritic (plagioclase-biotite-hornblende-quartz ± sanidine) rhyolite (~37.6 Ma).
Porphyritic (plagioclase-biotite ± quartz) rhyolite : Finely porphyritic rhyolite dikes are exposed over a nearly 9-km strike length from Betze-Post to south of Genesis (Figs. 2, 5, 7) . Most dikes are concentrated along the north-northwest-striking and major ore-controlling Post fault zone (Teal and Jackson, 1997) , but one, nearly 6 km-long dike diverges from the fault zone at Genesis to a south-southwest strike. The dikes are 1 to 8 m wide. Concentration of the Grevesse, 1989) . Bi = biotite, Hbl = hornblende, Pl = plagioclase, Qtz = quartz, Sa = sanidine. A.-C. Jurassic rocks. LREE concentrations generally increase with increasing SiO2 in the Goldstrike diorite and related rocks. Number labels at La are wt percent SiO2 for the most and least silicic samples. Lamprophyres have the highest REE concentrations of any Jurassic rocks. LREE generally decrease with increasing SiO2 in rhyolite (labels at La), with one anomalous sample. D. Miocene rhyolite and Cretaceous granite. Biotite rhyolite was analyzed by XRF only, and only La and Ce were determined. E.-M. Eocene rocks. Irregular HREE patterns are due to the low concentrations of odd atomic number elements (Tb, Ho, Tm, and Lu), which were near detection limits. A trend through the even-numbered elements (Gd, Dy, Er, and Yb) is probably more representative of the patterns. dikes along the Post fault zone and merging of the long dike with the fault zone suggest that intrusion and fault movement were coeval. Composite dikes in which porphyritic rhyolite adjoins porphyritic dacite or aphyric rhyolite are common.
Porphyritic rhyolite dikes are among the oldest Eocene dikes of the Carlin trend. 40 Ar/ 39 Ar ages of biotite from four samples range from 40.3 ± 0.2 Ma at Genesis to 39.32 ± 0.11 Ma at Betze-Post (Table 1) . The oldest and youngest samples also have the flattest and, what we consider, the most reliable age spectra and are supported by similar isochron ages. Two other samples have disturbed, decreasing spectra, the true age of which, other than ~39-40 Ma, are difficult to interpret (Fig. 4) . Weighted mean, isochron, and total gas ages agree relatively well at about 39.9 Ma for sample DSU-190-906. The three age calculations do not agree as well for sample H00-50. Its total gas age of 39.7 ± 0.2 Ma is slightly younger than the 40.3 ± 0.2 Ma age on what appears to be the same dike. Emplacement of similar rhyolite dikes may have continued for ~1 m.y.
Porphyritic (plagioclase-biotite-hornblende) dacite (40.1 -39 .0 Ma): Porphyritic dacite dikes are abundant in a 5-kmlong belt between Meikle and Betze-Post where they parallel and intrude the Post fault zone. Dacite dikes are present mostly north of the porphyritic rhyolite dikes, but the two types occur together, commonly as composite dikes, in the Betze-Post deposit. The presence of large euhedral hornblende phenocrysts is a distinguishing feature. In all but one exposure, hornblende is altered to rims of biotite and cores of calcite and smectite but is recognizable by its shape (Fig. 7) . 40 Heitt et al. (2003) suggested that two stages of aphyric rhyolite were emplaced closely in time and bracket the age of high-grade (>30 g/t) gold mineralization at Deep Star.
The dikes are distinguished by their lack of phenocrysts, prominent flow bands, green to red-brown glassy margins, and white felsitic cores (Fig. 7) . Dikes range in width from 0.5 to 12 m. Thin dikes are entirely glassy. Cores of thick dikes are devitrified to a spherulitic and granophryic mix of sanidine and quartz.
The very fine grained, devitrified matrix and lack of phenocrysts have made a precise age of the aphyric rhyolites difficult to obtain Heitt et al., 2003) . Poor retention of radiogenic 40 Ar and redistribution of 39 Ar by recoil, the kinetic energy imparted on a 39 Ar atom by emission of a proton during irradiation, are problems for very fine grained samples such as devitrified rhyolite. The best estimates of the emplacement age are 39.15 ± 0.26 Ma (sample DSU-150-106, Table 1 , Fig. 4) , which provided the flattest spectra of the three analyzed samples and is supported by an indistinguishable isochron age (39.07 ± 0.33 Ma) and an isochron age of 38.98 ± 0.05 on sample DS-13. Petrographically similar, aphyric rhyolites around Richmond Mountain and in Welches Canyon are included in this group in Figure  2 but are undated and need not be the same age as the dated dikes in the Carlin trend.
Basaltic andesite (37.8 Ma) : The only mafic Eocene intrusions in the northern Carlin trend are basaltic andesites at the Dee mine and covered by Miocene rocks about 2 km west of the Betze-Post mine. The dikes at Dee intruded along the north-striking, west-dipping Dee fault, the major ore-controlling structure (Dobak et al., 2002) . A relatively fresh, podlike intrusion in the immediate footwall of the Dee fault contains sparse phenocrysts of calcic plagioclase, olivine, and clinopyroxene (Fig. 7) . Matrix from a sample of this body yielded good plateau and isochron ages of 37.80 ± 0.21 and 37.73 ± 0.17 Ma (Table 1, Fig. 2 ), indicating that mineralization at Dee postdated ~37.8 Ma.
Porphyritic (plagioclase-biotite-hornblende-quartz ± sanidine) rhyolite and dacite (37.6 Ma): Dikes of coarsely porphyritic, low SiO 2 rhyolite and high SiO 2 dacite form a discontinuous, 16-km-long belt from the Beast deposit, where they host ore, southward to Welches Canyon (Figs. 2, 5-6: Ressel et al., 2000a) . Coarse phenocrysts (e.g., biotite up to 1 cm and sanidine to 2 cm; Fig. 7 ) are particularly distinctive. Petrographically similar dikes are found in almost all Eocene igneous centers in Nevada Castor et al., 2003) .
In the northern Carlin trend, these dikes were emplaced along and parallel to the north-northwest-striking Gen, Beast, and other faults that make up the Post fault zone in that area. The dike at the Beast mine is one of the largest, at least 3 km long and as much as 55 m wide, and contained about half the ore mined there Figs. 2, 5) . The dike at Richmond Mountain was one of those mapped as Cretaceous by Evans (1974b) .
Geochemistry: Almost all dikes of the Carlin trend are rhyolite or dacite with 66 to 77 percent SiO 2 ; the few basaltic andesites have ~55 percent (Fig. 6; Tables 3-4) . All dikes are moderately alkalic, similar to Jurassic rocks. This is well illustrated by the K 2 O/SiO 2 plot, but Na 2 O loss due to alteration of plagioclase has distorted total alkali/SiO 2 trends. The relatively unaltered rocks of the Emigrant Pass volcanic field are probably the best indicators of prealteration alkali contents of the dikes.
Major oxide and REE concentrations of the different suites of dikes support our field, petrographic, and age subdivisions (Figs. 6, 8 ). With the exception of the plagioclasebiotite ± quartz and plagioclase-biotite-hornblende-quartz ± sanidine rhyolites, the different dikes have distinct SiO 2 contents, which are consistent with their petrographic characteristics. Apparent variations in SiO 2 may partly relate to alteration. For example, analyzed SiO 2 contents in six dacites range from 66 to 70.5 percent, but REE concentrations are almost indistinguishable, with steep slopes and small Eu anomalies (Fig. 8) . The dacites and basaltic andesites have the highest REE concentrations, although the difference is mostly in LREE. Progressively more silicic rocks have progressively lower LREE concentrations and generally larger Eu anomalies. The plagioclase-biotite ± quartz and plagioclase-biotite-hornblende-quartz ± sanidine rhyolites again overlap. Eocene rocks have distinctly lower REE, especially LREE, concentrations than do Jurassic Goldstrike intrusions or lamprophyres.
Igneous rocks of Welches Canyon
Eocene intrusions of Welches Canyon are distinguished as a separate group because they include the northernmost occurrence of larger, stocklike intrusions (Fig. 2) and range from rhyolite through andesite, a wider compositional range than dikes of the northern Carlin trend (Fig. 6, Table 3 ). Eocene rocks fall into three categories: aphyric rhyolite, porphyritic andesite-dacite, and fine-grained diorite-granodiorite. Aphyric rhyolites in Welches Canyon are similar to the dikes in the northern Carlin trend but are discussed separately because they are 10 km south of the northern cluster, include one much larger intrusion or volcanic dome, and are probably a different age.
Aphyric rhyolite (~38 Ma): Aphyric rhyolite dikes are common in a 10-km belt from north of the Cretaceous Richmond granite to south of the larger body in Welches Canyon (Fig.  2) . Most dikes are single bodies a few meters wide, but the northernmost dike is part of a composite body together with the 37.6 Ma porphyritic rhyolite. The large (~1 km 2 ) body in Welches Canyon has steep flanks, contains a carapace breccia on its eastern flank, and has widespread curvilinear joints or "ramp" structures. These features suggest it may be a volcanic dome. If so, it is the northernmost Eocene volcanic rock near the Carlin trend and thus could mark the closest recognized Eocene paleosurface. If it is intrusive, it must have underlain the surface by no more than ~200 m, based on the elevation of the Eocene paleosurface marked by Emigrant Pass volcanic rocks just to the south. This body must be younger than 38.6 Ma, the age of the fine-grained diorite it cuts, and older than 37.4 Ma, the age of a porphyritic rhyolite dike that cuts it.
Fine-grained diorite-granodiorite (38.6 Ma): A small intrusion consisting of fine-grained diorite and lesser granodiorite underlies an area of about 0.9 km 2 in Welches Canyon adjacent to the body of aphyric rhyolite (Fig. 2) . Plagioclase from granodiorite yielded an 40 Ar/ 39 Ar age of 38.59 ± 0.12 Ma ( Table 1) . Most of the diorite has undergone a higher degree of hydrothermal alteration than the adjacent rhyolite, which suggests that the diorite is older.
Porphyritic (plagioclase-biotite-hornblende) andesitedacite (38.6 Ma): One thick (200 m) and numerous thinner dikes of porphyritic andesite and dacite cut upper plate Paleozoic rocks around Welches Canyon. The dikes are similar mineralogically to fine-grained diorite, but are strongly porphyritic and locally glassy. Hornblende from the largest porphyritic andesite dike in Welches Canyon yielded an 40 Ar/ 39 Ar age of 38.59 ± 0.17 Ma, which is identical to the age of the diorite-granodiorite. Both rocks are slightly older than the oldest units of the Emigrant Pass field (~38.1 Ma) just 4 km to the south and fall within the 39.1 to 37.6 Ma hiatus in magmatism of the northern Carlin trend.
Geochemistry: Most Welches Canyon intrusions have between 61 and 65 percent SiO 2 and are distinctly less silicic than dikes of the Carlin trend (Fig. 6) . The aphyric rhyolite in Welches Canyon is probably compositionally similar to the aphyric rhyolites of the Carlin trend but was not analyzed. Most Welches Canyon intrusions are less altered than are the Carlin dikes, which is apparent on the total alkali/SiO 2 plot. REE concentrations of Welches Canyon rocks vary only slightly but appear to increase with increasing SiO 2 and are similar to those of the Carlin trend dacites, which they resemble in composition and mineralogy (Fig. 8) .
Emigrant Pass volcanic field 36.2 Ma) In contrast to the dikes and small intrusions of the northern Carlin trend and Welches Canyon, lavas, their eruptive vents, and a few shallow intrusions and dikes dominate the Emigrant Pass field (Fig. 2) . Also, in contrast to the Carlin trend dikes, rocks of the Emigrant Pass field are dominantly andesite to dacite, with lesser rhyolite (Fig. 6) . The rocks are divided into four sequences on the basis of stratigraphy, age, petrography, and composition (Tables 1, 3-4; Henry and Faulds, 1999) . From oldest to youngest, these are the Primeaux andesite lavas (38.1-37.9 Ma), Mack Creek dacite lavas (37.9-37.6 Ma), Bob Creek andesite lava (37.4 Ma), and late porphyritic rhyolite and dacite dikes (36.2 Ma). The Primeaux and Mack Creek lavas, which constitute the greatest volume, are composite units made up of numerous individual lava flows.
The Primeaux lavas are mostly finely and abundantly porphyritic andesite with lesser dacite (60-65% SiO 2 , with most ≤63%). The lavas continue ~6 km south of the area shown in Figure 2 . They average 300 to 400 m in thickness in the mapped area and have an estimated volume of at least 30 km 3 . Thick, massive bodies with concentric vertical flow foliations and concentric flow bands in surrounding lavas indicate the locations of at least six vents that fed the lavas. Hornblende 40 Ar/ 39 Ar plateau and isochron ages on the oldest and youngest parts based on field relationships are 38.1 to 37.9 Ma (Table 1) .
The Mack Creek lavas, the younger of the two major sequences, are abundantly and more coarsely porphyritic dacite with lesser andesite (60-67% SiO 2 , one sample <63% SiO 2 ). The more silicic magmas generated relatively localized, thick lava domes, which are restricted to the western parts of the volcanic field. Vents are recognized within the outcrop of two of the domes, and the thick, northeast-striking dike in the western part probably fed lava nearby to the east. The Boulder Valley intrusion (Fig. 2) also may have fed now eroded lavas. The total volume of preserved eruptive rocks is ~5 km 3 . 40 Ar/ 39 Ar dates on two lava domes and the two western intrusions range from ~38.1 to 37.6 Ma ( Table 1) .
The 37.4 Ma Bob Creek lava is a single, extensive andesite lava characterized by ~10 to12 vol percent hornblende phenocrysts and almost no plagioclase phenocrysts. At ~57 percent SiO 2 , the Bob Creek lava is the most mafic igneous rock in the Emigrant Pass field. It erupted from a vent in the western part of the volcanic field, extended over an area of approximately 30 km 2 , and is as much as 120 m thick.
The late, porphyritic rhyolite to dacite dikes form two discontinuous, north-northeast-striking belts through the central and northeastern part of the volcanic field. The western belt consists mostly of coarsely porphyritic rhyolite, whereas the eastern belt is mostly dacite. The western belt dikes are petrographically and compositionally indistinguishable from the 37.6 Ma rhyolite dikes of the northern Carlin trend but, at ~36.2 Ma, are distinctly younger.
Our 40 Ar/ 39 Ar dating indicates that the Primeaux, Mack Creek, and Bob Creek lavas and associated intrusions were emplaced nearly continuously over a period of about 700,000 yr. The distribution of identified vents and shallow intrusions suggests an underlying pluton of at least 20 × 12 km.
The two pulses in the Emigrant Pass volcanic field are compositionally distinct, with SiO 2 concentrations ranging from 57 to 67 percent in the older Primeaux, Mack Creek, and Bob Creek lavas and from 69 to 75 percent in the late, porphyritic rhyolite-dacite dikes (Fig. 6, Tables 3-4) . Emigrant Pass rocks are unaltered, which is demonstrated by the narrow trends in the total alkali/SiO 2 and K 2 O/SiO 2 plots (Fig. 6) . Despite the wide range of SiO 2 concentrations, rocks of the Emigrant Pass field vary little in REE concentrations (Fig. 8) . For example, SiO 2 in the Primeaux lavas varies by almost 6 wt percent but La varies only 38 to 46 ppm and does not correlate with SiO 2 . The late, porphyritic rhyolite-dacite dikes, which are similar in field and petrographic characteristics to the plagioclase-biotie-hornblende-quartz ± sanidine rhyolite dikes of the Carlin trend, are also indistinguishable in major oxides and REE (Table 3 , Fig. 8) . 38.2, 37.5 Ma) The Rain subdistrict, including the Rain mine and Emigrant deposit, constitutes the southern Carlin trend, which is ~24 km from the Gold Quarry mine, the southernmost mine of the central Carlin trend (Figs. 1, 9) . The Rain and Emigrant deposits are in breccias in and near the unconformable contact between Mississippian and Devonian sedimentary rocks. Breccias and orebodies were controlled by, and spread along, the west-northwest-striking Rain fault for about 8 km, especially near intersections with northeast-striking faults (Williams et al., 2000; Mathewson, 2001; Longo et al., 2002) . The Emigrant deposit is along the north-striking Emigrant fault. The Railroad mining district, which lies about 10 km south of Rain and Emigrant (Fig. 9) and is not part of the Carlin trend, produced Cu, Pb, and Ag from mantos and veins in Paleozoic rocks adjacent to the Eocene Bullion stock (Ketner and Smith, 1963) . Jasperoid-hosted gold deposits are more distant from the stock (Gillerman, 1982; Rayias, 1999) .
Intrusions of the
Eocene igneous rocks of the Rain-Railroad area have been mapped in detail in the Railroad district (Ketner and Smith, 1963; Smith and Ketner, 1978) and in less detail around the IGNEOUS GEOLOGY OF THE CARLIN TREND, NEVADA 371 0361-0128/98/000/000-00 $6.00 371 FIG. 9 . Simplified geologic map of the Rain mine, Emigrant deposit, and Railroad mining district of the southern Carlin trend, modified from Ketner and Smith (1963) , Smith and Ketner (1978) , Mathewson (2001) , Longo et al. (2002) , and unpublished geologic maps by Newmont Mining Corporation. K-Ar dates in the Railroad district are from Smith and Ketner (1976) , and the U-Pb date in the Emigrant area is from S. Garwin (in Longo et al., 2001 ).
Rain and Emigrant deposits (Longo et al., 2002) . We identify two major packages on the basis of petrography and age (Figs.  1, 9 ). These are basaltic andesite to porphyritic diorite dikes that intruded along the Rain fault and the large Robinson Mountain volcanic field. The latter consists of a granitic stock in the Railroad district, porphyritic rhyolite to dacite dikes and small stocks around the Railroad district and Emigrant deposit, and porphyritic rhyolite to dacite lavas and tuffs, probably extrusive equivalents of the dikes (Figs. 1, 9 ). Many dikes around Rain are too altered to be characterized with any confidence and are shown as undivided in Figure 9 .
Mafic dikes along the Rain fault are variably altered and locally host ore (Shallow, 1999; Longo et al., 2002) . Less altered dikes are identifiable as basaltic andesite and porphyritic diorite, with altered to partly preserved phenocrysts of olivine, pyroxene and/or hornblende, and biotite. The least altered rocks are weakly propylitized but more typically are altered to clay and iron oxides at and near the surface and to clay and iron sulfides at depth. These dikes were initially interpreted as Jurassic lamprophyres because of their mafic phenocrysts (Longo et al., 2002) , but our dating indicates that they are Eocene.
Two less altered dikes intersected in core from the Saddle deposit along the Rain fault were dated (Table 1; Figs. 4, 9) . Biotite from a porphyritic diorite that contains fresh biotite and partly altered pyroxene and hornblende phenocrysts gives a slightly disturbed spectrum with a weighted mean age of 39.06 ± 0.20 Ma. This is supported by an isochron age of 39.13 ± 0.18 Ma, so reasonably indicates the time of emplacement.
The second dike, a porphyritic basaltic andesite, contains altered pyroxene and olivine phenocrysts in a groundmass of relatively fresh plagioclase. The dike has been propylitically altered with abundant carbonate and about 0.5 vol percent pyrite. A separate of the matrix, with altered phenocrysts, pyrite, and carbonate removed, yielded a disturbed, dropping 40 Ar/ 39 Ar age spectrum with ages ranging from ~41 to 37.8 Ma that probably indicates recoil. A weighted mean of the flattest, low-temperature part of the spectrum gives an apparent age of 38.21 ± 0.20 Ma (Table 1) ; an isochron of all steps gives an age of 37.8 ± 1.2 Ma. These data most likely indicate emplacement but possibly alteration at ~38 Ma.
The granitic Bullion stock of the Railroad district and Robinson Mountain field is cut by an inner stock and numerous dikes of porphyritic rhyolite to dacite, which extend as much as 4 km from the stock. The porphyritic dikes contain large phenocrysts of plagioclase, biotite, hornblende, quartz, ±sanidine and are petrographically similar to the coarsely porphyritic rhyolites of the northern Carlin trend and Emigrant Pass field. K-Ar ages of 36.3 ± 1.1 and 37.8 ± 1.0 Ma on rhyolite (Smith and Ketner, 1976) are confirmed by our sanidine date of 37.38 ± 0.08 Ma (Table 1) ; another hypabyssal intrusion or lava dome farther south in the Robinson field has an age of 37.51 ± 0.19 Ma (Fig. 1, Table 1 ). Porphyritic rhyolite dikes, termed monzonite porphyry in Longo et al. (2001) , are also present in the Emigrant deposit. Longo et al. (2002) reported a zircon U/Pb SHRIMP age on one dike of 37.5 ± 0.8 Ma, which is indistinguishable from our dates (Fig. 9 , Table  1 ). The area between Railroad and Emigrant has not been mapped in detail, and additional dikes may be present.
Numerous lavas and some ash-flow tuffs of coarsely porphyritic rhyolite to dacite, petrographically similar to the dikes at Railroad and Emigrant, make a thick pile that extends from Emigrant to more than 30 km south of the Railroad district (Figs. 1, 9) . One of the tuffs gives a 40 Ar/ 39 Ar age of 37.70 ± 0.19 Ma (Table 1) . This age and the petrographic similarity are consistent with the volcanic rocks being extrusive equivalents of the intrusions.
Mineralization at Rain postdates ~38.0 Ma, the age of the younger of the two dikes. That dike contains pyrite, and As and Sb have been added to both dikes. From similar data, Longo et al. (2002) concluded that mineralization at the Emigrant deposit postdates the 37.5 Ma porphyritic rhyolite.
Miocene Rhyolite (15 Ma)
Middle Miocene, sparsely porphyritic, rhyolite lavas are present along the west edge of the northern Carlin trend and between the Emigrant Pass volcanic field and the Rain subdistrict (Fig. 2) . The lavas disappear beneath middle Miocene tuffaceous sedimentary rocks and Quaternary deposits in both areas, westward into Boulder Valley from the northern Carlin trend and eastward beneath the Carlin basin in the south. The northern sequence of flows thickens from only a few meters in the east, nearest the trend, to hundreds of meters to the west under Boulder Valley. The southern flows thicken eastward beneath the Carlin basin and southeastward to the southeastern corner (Fig. 2) . Rhyolitic, pyroclastic-fall deposits are common in the lower parts of the Miocene stratigraphic sequence throughout the Carlin trend. Some tuffs are related to the rhyolite lavas, although Fleck et al. (1998) suggested that others erupted from sources in southwestern Idaho.
No sources are recognized for these lavas within the Carlin trend. The source of the northern flows could be buried beneath Boulder Valley. The source of the southern flows is probably beneath their thickest pile in the southeast. One of the southern flows east of the Emigrant Pass volcanic field gives a 40 Ar/ 39 Ar age on sanidine of 15.32 ± 0.08 Ma (Table 1) . The northern flows have a K-Ar sanidine date of 14.6 ± 0.3 Ma (Evans, 1974b) .
Both northern and southern rhyolite lavas contain 74 to 76 wt percent SiO 2 , but they are petrographically and compositionally distinct (Fig. 6, Table 3 ). The northern lavas have sparse phenocrysts of olivine and Fe-rich pyroxene accompanying sanidine and quartz. They also have high Fe, Zr, Nb, and REE. Concentrations of the LREE are as high as in the Jurassic lamprophyres, but the Miocene rocks have higher HREE and large Eu anomalies (Fig. 8) . A pyroclastic-fall deposit within Miocene sedimentary rocks at the southwestern edge of the Emigrant Pass volcanic field has the same chemical signature and probably is related to the lavas. Southern lavas are more typical rhyolites with phenocrysts of biotite accompanying sanidine and quartz and having lower concentrations of Fe, Zr, Nb, and REE. Both compositional types are present near Ivanhoe, but only the Fe-rich rhyolites are present in the northern Nevada rift near Midas (Wallace, 1993 (Wallace, , 2003a . Miocene mafic to intermediate lavas, although abundant in the northern Nevada rift just 20 km to the west John, 2001) , are absent within the Carlin trend.
Aeromagnetic Data
Airborne magnetic data used in this study were acquired in 18 surveys flown between 1983 and 1999 for Newmont Mining Corporation, using inhouse and commercial helicopterbased cesium vapor magnetometers. In general, flight lines were east-west and spaced between 100 and 400 m, and survey altitudes ranged from 45 to 100 m. Corrections to total field data were made for diurnal and other variations in the Earth's field at the time of the survey. The data were then merged and the total field reprocessed. For this study, upward continuation of the composite magnetic data was used to better define anomalies at deeper levels. The method involves a two-fold transformation; first, raw surface data are modeled to the approximate depth of an anomaly, then projected to the surface (i.e., upward continuation; Dobrin and Savit, 1988) . The effect of upward continuation is to amplify deeper sourced anomalies that otherwise would be potentially masked by higher level anomalies. Figures 10 and 11 show magnetic data upward continuation to 2,000 m for the northern and central Carlin trend and Rain area-southern Carlin trend, respectively. The significance of these data is discussed below.
Discussion
Temporal association of mineralization and Eocene magmatism in the Carlin trend
It is well established that Carlin-type deposits in the Great Basin formed in the Eocene, and dating in the Carlin trend substantiates that conclusion (Fig. 12) . Arehart et al. (2003) determined an Rb-Sr age of 39.8 ± 0.6 Ma on galkhaite, a late ore-stage sulfosalt mineral from the Rodeo deposit north of Betze-Post. Coarse 2M 1 illite replacing biotite phenocrysts in plagioclase-biotite-hornblende dacite at the Griffin (Meikle) deposit gave a complex 40 Ar/ 39 Ar spectrum; the best interpretation of its age is 39.6 ± 0.9 Ma from an isochron that used 84 percent of the released gas (Ressel et al., 2000b) . Heitt et al. (2003) interpreted mineralization at Deep Star to be bracketed at ~39.1 Ma by two closely spaced stages of intrusion of aphyric rhyolite. Mineralization postdates 40.1 to 39.0 Ma dikes at Betze-Post, a 39.5 Ma dike at Griffin (Meikle), a 37.8 Ma dike at Dee, and a 37.6 Ma dike at Beast. These data suggest multiple episodes of mineralization that were contemporaneous with the multiple episodes of Eocene intrusion in the northern Carlin trend (Fig. 12) . Episodes of mineralization include at least an older, ~39 to 40 Ma episode in the northern Betze-Post area, contemporaneous with the dikes there, and a younger episode after 37.6 Ma at Beast, no older than the dike there. Also, because mineralized Eocene dikes are present in almost all deposits, probably no mineralization occurred before ~40 Ma. An obvious question is what was special about the late Eocene and particularly about Eocene magmatism. Below we suggest that a series of large, partly deep-seated plutons underlie the Carlin trend and were primary heat sources to drive the large hydrothermal systems of the trend. Henry and Ressel (2000a) noted that the abundant, Eocene, porphyritic, silicic dikes require the presence of an underlying plutonic complex. The large, positive aeromagnetic anomaly centered on the Emigrant Pass volcanic field (Hildenbrand and Kucks, 1988) is one major indicator of that plutonic complex (Grauch, 1996; Ressel et al., 2000a Ressel et al., , 2001 , and aeromagnetic data presented here strengthen that conclusion (Fig.  10) . Silicic magmas represented by the dikes require large magma chambers to develop, either by differentiation of mantle-derived, basaltic magmas, by crustal melting or, more commonly, by a combination of differentiation and crustal melting-assimilation (Barker, 1981; Hildreth, 1981; Barnes et al., 2001) . Therefore, we interpret the exposed dikes to be minor apophyses from an underlying plutonic complex. Suites of dikes determined from the age and petrographic data are areally restricted (Fig. 2) . All Eocene dikes cannot have come from a single chamber or only from the complex indicated by the aeromagnetic anomaly centered on the Emigrant Pass volcanic field and Welches Canyon (see below). For example, the dikes in the Betze-Post area did not emanate from Welches Canyon. This would have required that individual suites of dikes only be emplaced 12 to 15 km north of the northern edge of the source pluton and not above it or symmetrically around it, and that they be a different age than the source pluton.
Number, size, and depth of emplacement of interpreted Eocene plutons
The age and distribution of Eocene dikes and volcanic rocks require a minimum of five or six plutons that mostly young toward the south (Figs. 10, 13 ). The oldest one or two plutons are inferred from the distribution of the three oldest suites of dikes of the northern Carlin trend: 40.3 to 39.3 Ma plagioclase-biotite ± quartz rhyolites, 40.1 to 39.0 Ma plagioclase-biotite-hornblende dacites, and the ~39.1 Ma aphyric rhyolites. The nearly continuous span of ages allows for either multiple magma chambers or a single, long-lived (≥1 m.y.) chamber. Either would have been centered beneath the Betze-Post deposit and the richest part of the Carlin trend (Figs. 10, 13 ). We suggest two plutons because the aphyric rhyolites are distinctly different from the porphyritic rocks. The composite plutons would have a diameter of about 10 km if the dikes rose vertically from them. Because even large crustal magma chambers cool rapidly, a long-lived system would require periodic replenishment by basaltic magma to remain molten (Cathles et al., 1997) . A better understanding of the geochemical-isotopic characteristics and petrogenesis of the three suites of dikes would help evaluate these alternatives.
The aeromagnetic data are consistent with two or three plutons beneath the northern Carlin trend (Fig. 10) . Positive anomaly A underlies the Jurassic Goldstrike intrusion and is discussed below. Anomaly B (the barbell-shaped body in Fig.  10 ) is itself composite and lies along the margin and just north of the pluton inferred from dike distributions only. The close proximity of the dike-inferred body to the aeromagnetic anomaly suggests that the latter marks a pluton or plutons that fed the dikes. The composite nature of anomaly B is consistent with the possibility of a composite or long-lived source. The low magnitude of the anomaly suggests that the pluton or plutons are relatively deep (Fig. 13) .
The 37.6 Ma plagioclase-biotite-hornblende-quartz ± sanidine rhyolites require a third major source (Fig. 10 ). These dikes extend over a distance of about 18 km along the northern Carlin trend and are the most extensive of any of the silicic dikes of the trend. Their distribution is comparable to the distribution of petrographically similar dikes around several Eocene igneous centers where a central stock is exposed (e.g., Tuscarora or Swales Mountain: Evans and Ketner, 1971; Henry and Ressel, 2000b; Ressel et al., 2001a; Castor et al., 2003) . However, the central stock in these examples is interpreted to be a small (≤3 km 2 ), shallow apophysis above a deeper, main chamber. The 37.6 Ma pluton in the northern Carlin trend conceivably underlies and is represented by the northern part of the large, positive aeromagnetic anomaly C, which is about in the middle of the dike distribution. Alternatively, a deep and/or relatively nonmagnetic pluton could be disguised beneath the associated negative anomaly D north of anomaly C.
Multiple plutons also presumably underlie the 38.6 Ma Welches Canyon intrusions, the 38.1 to 37.4 Ma Emigrant Pass volcanic field, and the 36.2 Ma plagioclase-biotite-hornblende-quartz ± sanidine rhyolite dikes of the Emigrant Pass field (Figs. 10, 13 ). The spatial separation and different ages of the Welches Canyon intrusions and the Emigrant Pass volcanic field require separate bodies. The inferred plutonic system underlying the Emigrant Pass volcanic field, which was active from ~38.1 to 37.4 Ma, could be either long-lived or composite. The distribution of subvolcanic intrusions and lava vents and the association with much of positive magnetic anomaly C (Fig. 10) suggest that the underlying plutonic system is at least 20 km across, east to west. The 36.2 Ma rhyolite dikes in the Emigrant Pass field are thought to be related to the youngest pluton of the Carlin trend. Their separation by ~1 m.y. from the rest of the field with no intervening activity indicates that they did not arise from a single, long-lived chamber that fed both systems. Their similarity to the 37.6 Ma dikes demonstrates the need for precise dating to distinguish events in areas of complex magmatism.
The Welches Canyon and Emigrant Pass rocks fall within the areas of the positive aeromagnetic anomaly of Hildenbrand and Kucks (1988) and the similar, upward continued anomaly C of Figure 10 . The amplitude of anomaly C, the steep gradients at its margins, and the separate highs C1 and C2 within the anomaly indicate a shallow composite pluton (Grauch, 1996) . Anomaly C1 is centered on the Welches Canyon intrusions, which are often referred to as "the Eocene pluton" of the northern Carlin trend Emsbo et al., 2003; Hofstra et al., 2003) . However, as shown here, the exposed Welches Canyon intrusions are shallow, porphyritic rocks, most likely minor apophyses of a larger and only moderately deeper body shown by the aeromagnetic data. Moreover, the Welches Canyon intrusions are distinctly younger than the dikes of the Betze-Post area and cannot have been their source. Anomaly C2 coincides with several vents of the Emigrant Pass field and with the 36.2 Ma dikes.
The relatively large, subvolcanic intrusions in Welches Canyon, Boulder Valley, and throughout the Emigrant Pass volcanic field, the presence and abundance of lavas in the Emigrant Pass field, and the amplitude and sharp boundary of the associated aeromagnetic anomaly are consistent with shallow magma chambers. In contrast, the pluton(s) beneath the northern Carlin trend were probably emplaced at greater depth (Figs. 10, 13) . The fact that only dikes are present in the north and that anomaly B has a lower amplitude support a deeper body.
The Rain deposits of the southern Carlin trend lie ~8 km north of a ~10-km-diam, positive aeromagnetic anomaly 1 to 2 km southwest of the 37.4 Ma Bullion stock (Fig. 11) . Hildenbrand and Kucks (1988) and Grauch (1996) interpreted this anomaly to reflect another major, underlying pluton. Aeromagnetic data that are not upward continued show a V-shaped pattern, with highs coinciding with the stock and the northwest-trending rhyolite dike swarm west of the stock. We interpret the 37.5 Ma porphyritic rhyolite dike at the Emigrant deposit, which also lies ~8 km north of the anomaly, to be related to the pluton represented by this anomaly. This interpreted pluton could have provided heat to generate the Carlin-type deposits at Rain.
The significance of the 37.8 Ma basaltic andesite at Dee and the 38.2 Ma basaltic andesite at Rain is less certain, because mafic magmas do not require crustal magma chambers. Mafic rocks of Eocene age are found elsewhere only in the Jerritt Canyon Carlin-type district ( Fig. 2 ; Phinisey et al., 1996) . This scarcity may reflect the difficulty that mafic magmas have in propagating through low-density, silicic magma chambers (Hildreth, 1981) . Mafic magmas can appear after silicic magmatism has ended in an area or on the flanks of silicic centers, such as in the modern Cascade Range.
The distribution of dikes and aeromagnetic anomalies in the northern and central Carlin trend suggests that an Figure 2 , showing aeromagnetic data upward continued to 2,000 m (Newmont Mining Corp.) and Eocene plutons (dashed lines labeled by age) inferred from the age, petrography, and distribution of Eocene dikes (see text for detailed discussion). We interpret the positive magnetic anomalies in the northern Carlin trend to indicate composite plutons at depth. Anomaly A coincides with the postulated feeder zone for the Jurassic Goldstrike laccolith sill. The barbell-shaped anomaly B is interpreted to indicate a deep-seated pluton or plutons, the map location of which partly overlaps with the position of a deep pluton inferred from dike data. Although it is impossible to determine the age of the pluton represented by anomaly B, the close proximity of the anomaly to the dike-interpreted body suggests that the anomaly marks an Eocene pluton or plutons that fed the dikes. The low magnitude of the anomaly suggests that the pluton or plutons are relatively deep. The large age range of the dike-interpreted pluton indicates that it was composite or long-lived. The large, positive aeromagnetic anomaly C extending from Richmond Mountain to Emigrant Pass coincides closely with the aeromagnetic anomaly indicated by regional data (dotted outline: Hildenbrand and Kucks, 1988; Grauch, 1996) . The large magnitude of this anomaly and the separate highs within it (C1 and C2) support the interpretation of relatively shallow, composite plutons that fed the Welches Canyon intrusions, the Emigrant Pass volcanic field, and the 36.2 Ma dike swarm. The associated, negative aeromagnetic anomaly D north of this positive anomaly could conceal a deep-seated pluton beneath the magnetic low. Airborne magnetic data were acquired in 18 surveys flown between 1983 and 1999 for Newmont Mining Corporation using inhouse and commercial helicopter-based cesium vapor magnetometers. See "Aeromagnetic Data" for further explanation.
Eocene plutonic complex underlies an area about 50 km north-south and between 12 and 23 km across (i.e., possibly 1,000 km 2 ; Figs. 10, 13). The thickness of the complex or of individual plutons is unknown, but magnetotelluric data suggest thicknesses of 10 km or more (Rodriguez, 1998) . Thus, possibly 10,000 km 3 or more of Eocene magma were emplaced beneath the northern and central Carlin trend between about 40 and 36 Ma. Mineralization and magmatism were coeval and may have been broadly coeval with extension, which has been dated only in adjacent areas. The Elko basin near Elko formed by ~46 Ma (Haynes et al., 2002) , and Elko basin rocks in the Emigrant Pass volcanic field were tilted ~10°before 38 Ma (Henry and Faulds, 1999; Henry et al., 2001) . Bi = biotite, Hbl = hornblende, Pl = plagioclase, Qtz = quartz, Sa = sanidine. Chakurian et al. (2003) and Tosdal et al. (2003b) determined apatite fission-track ages of samples in and around the Carlin trend. Three samples from within the area of the large, aeromagnetic anomaly C were reset at 37 to 38 Ma (for example, a sample from the Cretaceous Richmond stock gave a fission-track age of 37.8 Ma), and one was reset at 28 Ma . Only one of these samples is close to a known Carlin-type deposit. In contrast, only two of 19 apatite samples from the northern Carlin trend outside the anomaly were similarly reset. One of three samples from the Carlin deposit gave a fisson-track age of 40.9 Ma (one was 18.6 Ma), and one of two samples from the Betze-Post deposit gave an age of 35.5 Ma. All other samples, most of which were from Carlin-type deposits, gave ages ranging from 56.1 to 129 Ma.
Implications of fission-track data for plutons
Although Chakurian et al. (2003) interpreted the fissiontrack data to indicate the time of gold mineralization, the data indicate only the time of heating to 110°to 135°C long enough to anneal fission tracks (Green et al., 1989) . The distribution of ages implies that conductive, convective, or combined heating around the shallow, Eocene plutons of the Welches Canyon-Emigrant Pass area reset the fission-track ages to the time of intrusion. In contrast, heating by the Carlin-type hydrothermal systems alone was insufficient to reset ages. Although maximum hydrothermal temperatures in the northern Carlin trend are estimated to have been ~240°C (Hofstra and Cline, 2000) , hydrothermal heating apparently was of insufficient duration to reset the apatite fission-track ages, even within major deposits, to the Eocene age of mineralization. The deep Eocene plutons indicated by our work also were apparently too deep to heat country rock around the northern deposits sufficiently to reset the fission-track ages.
Depth of pluton emplacement
Although the southern plutons beneath Welches Canyon and the Emigrant Pass volcanic field appear to have been emplaced at shallower depths than the northern plutons, their absolute depths are less certain (Fig. 13) . Based on the steep gradients at the margins of aeromagnetic anomaly C (Grauch, 1996) , resetting of apatite fission-track ages , and the high-temperature, skarn-type alteration around the Welches Canyon stocks, we infer that the southern plutons are no more than about 3 km below the present surface.
In the northern Carlin trend, the presence of abundant rhyolite dikes above the inferred plutons probably precludes a source much deeper than about 8 to 10 km, which is the maximum lateral distance that similar rhyolite dikes extend from related plutons in northeastern Nevada . The association of aeromagnetic anomalies with all inferred plutons also suggests that they cannot be extremely deep. Quantitative modeling of the fission-track data of Chakurian et al. (2003) to estimate a combined maximum size, depth, and temperature of the plutons is probably possible but beyond the scope of this report.
The 36 Ma Harrison Pass pluton in the Ruby Mountains has a very low magnetite content (Barnes et al., 2001) and no associated aeromagnetic anomaly (Hildenbrand and Kucks, 1988) . This composite intrusion is estimated to have been emplaced at ~12 km (Barnes et al., 2001 ) and is otherwise a good analog to our postulated deep plutons.
Jurassic and Cretaceous plutons
The clustering of Jurassic dikes around the Goldstrike laccolith may also indicate the presence of a deeper pluton beneath the laccolith. This interpretation is supported by positive aeromagnetic anomaly A, which suggests a feeder beneath the southwestern end of the Goldstrike laccolith (Fig. 10) . The Jurassic rocks exhibit two significant differences from the Eocene rocks. Jurassic magmatism was more mafic, dominated by the Goldstrike diorite and lamprophyre dikes, although rhyolite dikes are also present. Jurassic magmatism also may have been temporally restricted, both in the Carlin trend and more regionally ; this study). All Jurassic intrusions in the Carlin trend could have emanated from a single magma body that was centered beneath the Goldstrike laccolith.
From aeromagnetic and other data (see Cretaceous Richmond Granite, above) we infer that a Cretaceous pluton underlies an area in the northeastern part of anomaly C (Fig.  10) . Distinguishing the magnetic contribution of Eocene and Cretaceous rocks in this area is difficult. Henry and Ressel (2000a) argued on structural grounds that the tops of deposits of the northern Carlin trend probably formed at paleodepths no greater than about 1 km. The present-day elevation of the Eocene-Paleozoic unconformity in the Emigrant Pass volcanic field marks the Eocene paleosurface. Extrapolating the paleosurface northward into the northern Carlin trend must allow for relative displacements on intervening structures. The only major post-Eocene structure along this northward projection is the northeast-striking normal fault between Welches Canyon and the Cretaceous granite outcrop (Fig. 2) . This fault has a maximum displacement of ~2 km at its northeast end (Evans, 1974a, b) , but displacement diminishes to the southwest on a line between the northern Carlin trend and Emigrant Pass. This extrapolation suggests that the Eocene paleosurface was not much higher than the present-day surface in the northern Carlin trend. Allowing for uncertainty in this structural reconstruction, the tops of most major orebodies (not the deepest recognized mineralization) probably formed no deeper than about 1 km. Apatite fission-track and U-Th/He data confirm this interpretation (Haynes et al., 2003; Hickey et al., 2003) . These data indicate that the present-day surface in the northern Carlin trend lies 500 to 1,500 m below the ~42 Ma paleosurface. Given the vertical range of mineralization, Hickey et al. (2003) and Haynes et al. (2003) concluded that Carlin-type deposits formed at depths between 500 and 2,200 m. These depths are in the shallower range of estimates of 1 to 6.5 km based on fluid inclusion data (Hofstra and Cline, 2000) .
Depth of formation of Carlin-type deposits
Relevance of Eocene plutons for models of the origin of Carlin-type deposits
In the most recent review of Carlin-type deposits, Cline et al. (2005, p. 451) suggested that "deep, primitive fluids" were generated through lower crustal melting and metamorphism and that "Such fluids were likely incorporated in deep crustal melts that rose buoyantly and ultimately exsolved hydrothermal fluids, possibly containing gold" (p. 451-452) .Our data demonstrate that large volumes of magma were most likely present and were a probable heat source for Carlin-type deposits of the Carlin trend, although we do not address the source of gold. Although Cline et al. (2005) suggested only a regional-scale association of Carlin-type deposits and Eocene magmatism in northern Nevada, we suggest a very close spatial and temporal association between inferred plutons of the Carlin trend and the gold deposits.
Thorough study of the igneous rocks of the three other major Carlin-type districts in Nevada, Cortez-Pipeline, Jerritt Canyon, and Getchell-Twin Creeks, is needed to evaluate these models. Eocene volcanic or intrusive rocks coeval with the time of mineralization are known in two of the three districts. At Cortez, 35 Ma, hydrothermally altered, porphyritic rhyolite dikes are variably interpreted as pre-or postmineral (Wells et al., 1969; McCormack and Hays, 1996; Mortensen et al., 2000) . Eocene lavas and dikes are present at Jerritt Canyon, and some dikes are mineralized C.D. Henry, unpub. data) . Eocene intrusions have not been found in the Getchell trend, but ~41 Ma rhyolite and dacite lavas and tuffs crop out within 6 km of the trend, and the intervening area is covered by Quaternary deposits (Wallace, 1993; Henry and Ressel, 2000; Laravie, 2005) .
Ar/ 39 Ar Methodology
Samples for 40 Ar/ 39 Ar analysis were crushed in a cone crusher, then sieved to appropriate mesh size (20-40 for sanidine in all separates and for plagioclase in samples H98-78 and H98-102; 60-80 for hornblende, biotite, sericite, and all other plagioclase separates). Minerals were concentrated with a magnetic separator followed by heavy liquids. Sanidine and plagioclase were leached with 5 percent HF for 1 h. Final samples were handpicked for maximum purity, which was greater than 99 percent for all samples.
The Nevada Isotope Geochronology Laboratory and the New Mexico Geochronological Research Laboratory use mostly similar methods. Samples were irradiated at the Nuclear Science Center reactor at Texas A&M University for 7 to 14 h (Justet and Spell, 2001; McIntosh et al., 2003; Leavitt et al., 2004) . Sanidine from Fish Canyon Tuff was the monitor of neutron fluence at both labs. Nevada uses an assigned age of 27.9 Ma (Cebula et al., 1986) , whereas New Mexico uses 28.02 Ma (Renne et al., 1998) . All ages reported here, including those from other laboratories, were recalculated to 28.02 Ma to allow direct comparison. However, see the footnote of Table 1 . Single sanidine or plagioclase grains were fused with a CO 2 laser. Other samples were heated in a molybdenum resistance furnace. Extracted gases were purified with SAES GP-50 getters. Argon was analyzed with a Mass Analyzer Products (MAP) model 215-50 mass spectrometer operated in static mode. 40 Ar/ 39 Ar Ages 40 Ar/ 39 Ar ages were calculated several ways. Single crystal ages are the weighted mean of nine to 15 grains (sanidine) to as many as 34 grains (plagioclase) and are displayed as age probability diagrams (Fig. 4L) . Individual analyses were discarded if they were obvious xenocrysts or had low 39 Ar contents or radiogenic yields. Ages for step-heated samples were determined by the age spectrum (plateau), inverse isochron, or total gas methods. A plateau age is defined as three contiguous steps that agree within analytical uncertainty and contain at least 50 percent of the released 39 Ar (Fleck et al., 1977) . This method assumes that any trapped Ar has an atmospheric 40 Ar/ 36 Ar value of 295.5. Inverse isochron analysis ( Fig. 4F, P) tests for the presence of excess Ar (i.e., trapped Ar with a nonatmospheric 40 Ar/ 36 Ar value: McDougall and Harrison, 1988) . Agreement between plateau and isochron ages, which is the case for almost all our samples, is strong evidence that the age of the sample is correct. Because the dated rocks cooled rapidly following eruption or shallow intrusion as dikes, the ages are interpreted to be those of eruption or intrusion.
Calculation and General Interpretation of
All ages from this study agree with stratigraphic relationships in the Emigrant Pass volcanic field and with the few crosscutting relationships of dikes. Among phenocrysts in rapidly cooled igneous rocks, single crystal analysis of sanidine provides the most precise ages (McIntosh et al., 1990 . Single crystal or step-heating ages of inclusion-free plagioclase phenocrysts are less precise, in large part because of their much lower K content, but generally agree within uncertainties with sanidine ages from the same or related rocks (Table 1) . Hornblende also provides consistent but less precise ages than does sanidine (see also Castor et al., 2003) .
Many of the modern 40 Ar/ 39 Ar dates in the Carlin trend are on biotite (Fig. 4) , in part because it commonly survived alteration in rocks where feldspar and hornblende phenocrysts were destroyed. However, many biotite spectra are disturbed, which suggests that minor alteration, not always observable in hand specimen or thin section, has affected Ar retention and release. This interpretation is consistent with experimental studies that show that biotite with submicroscopic chlorite layers gives hump-shaped spectra with meaningless old and young ages (DiVincenzo et al., 2003) . In some cases, total gas ages of these disturbed biotites approximate emplacement age. We consider flat spectra of biotite to reliably indicate age, but the emplacement age of samples that give humpshaped or otherwise disturbed spectra cannot be determined as precisely.
